Abstract. An identified interneuron in the lobster commissural ganglia fires spikes only between membrane potential values of -60 and -30 millivolts. The membrane potential of this neuron can also oscillate, and interaction between these -two properties has important implications in determining the firing pattern of the neuron itself and the modalities of driving of a distant postsynaptic neuron.
Many neurons function without impulses (1), but in some cases, apparently nonspiking neurons can be made to fire spikes by hyperpolarization (2) , and neurons considered normally spiking can become nonspiking when experimentally depolarized (3) . Nevertheless, in both these cases, the nonspiking behavior has been considered an artifact resulting from either the experimental procedure or cellular damage. In this report we show that an identified spiking interneuron, the commissural gastric driver (CGD), in the stomatogastric nervous system of the lobster can exhibit spike inactivation as a result of spontaneous depolarization. This phenomenon cannot be attributed to experimental artifact and has important consequences in patterning the activity of distant postsynaptic neurons.
To study the CGD's (4), we used an in vitro stomatogastric nervous system preparation (the commissural and stomatogastric ganglia and their connecting and main output nerves) (Fig. IA) of the lobster Homarus gammarus and conventional electrophysiological techniques (5) . The stomatogastric nervous system is responsible for the generation of cyclical feeding activity, and, specifically, the stomatogastric ganglion contains the central pattern generators for two feeding rhythms: the gastric (trituration) rhythm, which has a long variable period (7 to 16 seconds), and the pyloric (filtration) rhythm, whose period is shorter and less variable (1 to 3 seconds) (6).
These two pattern generators can function in isolation but they can also be modulated by neurons located in the commissural ganglia. The CGD's are such neurons (4 (Fig. IB) . As for many arthropod neurons, the cell body is inexcitable and invaded by attenuated electrotonic spikes (middle traces in Fig. IB) Fig. ID) , they also disappear from the axon (trace 2 of Fig. ID ), just as they do when the CGD hyperpolarizes and crosses the lower threshold of -60 mV (Fig. IE) . This simultaneous failure of the spikes, at depolarized membrane potentials, in the cell body and in the axon is also confirmed by the fact that when spiking fails to appear in the cell body, the excitatory effects of CGD on a distant postsynaptic neuron also disappear (see Fig. 2C ).
We believe that the depolarized nonspiking state of the CGD cannot be due to cellular damage or experimental procedure for the following reasons. (A and B) The GM receives EPSP's correlated 1:1 with the spikes of the CGD. The frequency of these EPSP's is increased when the CGD firing is increased by the injection of depolarizing current (A). This leads to an overall depolarization of the GM while the EPSP's disappear and hyperpolarization of the GM when CGD firing is stopped by experimental hyperpolarization (B). In (B) the large EPSP that appears in the CGD during hyperpolarization does not affect the GM membrane potential. (C) Spontaneous depolarization of the CGD from a spiking state to a nonspiking state (arrow) stops its excitatory effect on the GM, which hyperpolarizes immediately. (D) Conversely spontaneous hyperpolarization of the CGD from a nonspiking to a spiking state (arrow) restarts the excitatory effects on the GM. (E and F) When the CGD membrane potential oscillates, the GM can be driven to burst in phase (E) or out of phase (F) with the oscillation. In (E) the CGD oscillates between -65 and -35 mV and fires by depolarization; in (F) it oscillates between -50 and -20 mV and fires by hyperpolarization. Larger events on CGD recordings are EPSP's. (G) When the membrane potential of CGD crosses the upper inactivation threshold (-30 mV) it interrupts the corresponding GM cycle, producing two GMbursts for each CGD cycle. Scale: horizontal bars, 250 msec except in (E, F, and G), 5 seconds; vertical bars, 10 mV. 942 though it is possible to obtain spike inactivation by depolarization from the spiking state or spike activation by hyperpolarization from the depolarized nonspiking state by current injection into the cell body, these two states can also occur spontaneously in all experiments without any of the experimental conditions being altered. (ii) This behavior can be observed during long-term penetration (sometimes as long as 7 hours). (iii) No other cell penetrated in the same ganglion and under the same experimental conditions in a total of 59 experiments exhibited such a behavior. (iv) The depolarized nonspiking state could be reversibly induced by isolating the commissural ganglion from the rest of the stomatogastric nervous system according to the sucrose gap technique (see Fig. IA) .
The CGD's membrane potential can oscillate (Fig. IF) and drive the bursting pattern of at least some of the neurons of the gastric pattern generator in the stomatogastric ganglion (4). Spike inactivation at low membrane potential would, therefore, have important consequences for the coordination between driver and follower elements within this system. A gastric mill (GM) motor neuron (6) receives a strong excitatory input from CGD (Fig. 2, A and B) . When the firing frequency of a CGD cell is increased by experimental depolarization (Fig. 2A) , the postsynaptic GM neuron is depolarized; when the CGD is experimentally hyperpolarized (Fig. 2B) , the EPSP's of the GM disappear, resulting in the overall repolarization of the GM. When the CGD is oscillating spontaneously, if the depolarizing phase of its membrane oscillation is sufficient to cross the upper threshold of -30 mV, spiking stops (Fig.  2C) . This results in an abrupt repolarization of the follower GM neuron, which previously was maintained depolarized by the high rate of firing of the CGD (before the arrow in Fig. 2C) . Similarly, when the membrane potential of the CGD returns across the upper threshold during the hyperpolarizing phase of its oscillation (Fig. 2D) , the cell starts to fire at high frequency and the GM neuron is again depolarized and begins to fire.
Finally the spontaneous oscillating behavior of the CGD (approximately 25 to 30 mV in amplitude) can be observed between different limits of membrane potential. In Fig. 2E, Fig. 2E is depolarized (and fires its burst of spikes) during the depolarized phase of the presynaptic CGD, in the second case (Fig. 2F ) it is driven depolarized by the hyperpolarized phase of the CGD. Thus a shift in the mean membrane potential about which a CGD oscillates seems able to switch the phase relationships between the oscillations of presynaptic and postsynaptic neurons. This shift could be mediated by tonic (excitatory or inhibitory) inputs to the CGD. That such tonic inputs exist is indicated by the fact that complete isolation of the commissural ganglion (Fig.  IA) can reversibly induce the depolarized nonspiking state in CGD, presumably by the removal of some inhibitory influence.
The CGD function thus seems to depend on an interaction between the cell's two membrane potential thresholds and the absolute limits of membrane potential oscillation. An alteration in oscillation (by tonic or phasic influences) results in dramatic postsynaptic effects, one of which is to change the phase relationships between the activity of the CGD and its follower GM neuron. A further effect is that a small change in the depolarized maximum of an oscillatory CGD cell can cause spike inactivation during the peak of oscillation and result in an immediate doubling of GM burst frequency (Fig. 2G) . That is, the coupling between driver and follower has changed from 1: 1 to 1: 2 cycle coordination.
Our results demonstrate that a spiking neuron can become nonspiking at both high and low levels of membrane potential. For an oscillatory neuron, which is subject to control by tonic influences, this provides a means of generating different patterns of rhythmic output. In the context of behavioral flexibility, therefore, the cellular mechanism described here could play a major functional role. It remains to be seen whether this mechanism is a widespread phenomenon among rhythm pattern generators. 
